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 ABSTRACT 
The terrestrial biosphere is an important pool of carbon, with its size governed by the 
opposing processes of CO2 uptake through photosynthesis and release through 
respiration. It is therefore critically important to understand and reliably and accurately 
model these processes and predict changes in carbon exchange in response to key 
drivers. Pasture-based livestock production is particularly important for the New 
Zealand’s economy but it is also a main contributor to NZ’s greenhouse gas budget. My 
Ph.D. work used half-hourly eddy-covariance (EC) data, previously collected over 2 
consecutive years from a grazed pasture in the Waikato region. The main aims of this 
study were to assess whether there was any bias in gap-filled eddy covariance 
measurements, to assess whether incomplete capture of cow respiration during 
grazing events could have led to biased observations, and to quantify the resulting 
difference on the net carbon budget of the farm. I approached the work by developing a 
new process-based model, CenW_HH, running at a half-hourly time step, to predict the 
energy and CO2 exchange of grazed pastures. I implemented and evaluated different 
photosynthesis models and upscaling schemes and modelled the energy budget 
separately for the canopy, litter layer, and the soil. CenW_HH was then parameterised 
and validated with the available EC measurements. The paddocks surrounding the EC 
tower were rotationally grazed, which caused heterogeneities in respiratory pulses 
when grazing events were in the flux footprint and subsequent vegetation cover on the 
different paddocks. To deal with that heterogeneity, the model was run independently 
for each individual paddock and a footprint model was used to estimate resultant net 
fluxes at the EC tower. Modelled fluxes agreed well with half-hourly observed fluxes as 
seen by model efficiencies of 0.81 for net ecosystem productivity, 0.75 for gross 
primary production, 0.70 for ecosystem respiration, 0.87 for latent heat flux, 0.76 for 
sensible heat flux, 0.94 for net radiation, and 0.92 for soil temperature. CenW_HH was 
then used to test for any biases in gap-filled data for times without the presence of 
grazing animals, but identified no consistent systematic deviations. Eddy covariance 
measurements often failed to capture carbon losses due to cattle respiration, especially 
when measurements had to rely on gap-filled data. By replacing gap-filled NEP fluxes 
affected by grazing cattle by estimates generated by CenW_HH, the farm carbon 
budget was reduced by 31% and 113% (and turning from a positive into a slight 
negative balance) in 2008 and 2009, respectively.  
iv 
 
 ACKNOWLEDGEMENTS 
Firstly, I would like to express my sincere gratitude to my advisor Doctor. Miko 
Kirschbaum for the continuous support during my Ph.D., for his patience, motivation 
and immense knowledge on many different topics and for the talks that we had. His 
feedbacks and guidance helped me at all steps of this research project and on the 
writing of the thesis and I could not imagine having done it without such a great 
supervisor. 
My sincere thanks also go to Professor. Mike Hedley for his guidance and useful 
insights and suggestions. I am grateful that despite is busy schedule he was always 
able to meet me at short notice and for going through and making comments and 
suggestions that improved drafts of my thesis. 
I also thank Associate Professor Marta Camps Arbestain for accepting to be one of my 
co-supervisor and for organising the “journal club” sessions in which most of the 
presentations and discussions where far away of my research project but widen my 
view on soil science in general. 
I am thankful to my other co-supervisors, Professor Louis Schipper and Doctor Michael 
Dodd for being part of my Ph.D. advisory panel and for providing the data that were 
needed to accomplish this project. 
I am grateful to the NZAGRC (New Zealand Agricultural Greenhouse Research Centre) 
for providing me the funding to complete my Ph.D. and to Landcare Research for 
accepting me to use their facilities; this was an awesome place to work with kind and 
brilliant persons. 
A big thanks also goes to all friends and persons that encouraged me pursue my 
studies towards the completion of this thesis, without your encouragements this would 
have not been possible. 
And last but not least, I would like to thanks my family and family in law for they support 
and understanding during all stages of my Ph.D. and specially my wife Justine which 
followed me abroad for 4 years, I am very grateful for your support during hard times, 
for your patience and for all the good time we had.  
v 
 
 TABLE OF CONTENT 
 ABSTRACT ....................................................................................................................................... III 
 ACKNOWLEDGEMENTS ................................................................................................................... IV 
 TABLE OF CONTENT ......................................................................................................................... V 
 LIST OF ABBREVIATIONS ................................................................................................................. IX 
 CHAPTER 1: INTRODUCTION AND RATIONAL OF THE STUDY ........................................................... 1 
1.1 CLIMATE CHANGE AND GLOBAL CARBON CYCLE ......................................................................................... 2 
1.2 WHY DO WE WANT TO STORE CARBON IN SOIL? ........................................................................................ 5 
1.3 IMPORTANCE OF AGRICULTURE IN NZ’S CARBON BUDGET............................................................................ 8 
1.4 THE USE OF MODELS TO STUDY SOC DYNAMICS ........................................................................................ 9 
1.5 RESEARCH OBJECTIVES ....................................................................................................................... 14 
1.6 IMPORTANCE OF THE STUDY ................................................................................................................ 15 
1.7 THESIS STRUCTURE ............................................................................................................................ 15 
 CHAPTER 2: EDDY COVARIANCE MEASUREMENTS AND ECOSYSTEM MODELLING ..........................18 
2.1 INTRODUCTION ................................................................................................................................. 19 
2.2 EDDY COVARIANCE MEASUREMENTS ..................................................................................................... 22 
2.2.1 Theory of flux calculations .................................................................................................. 22 
2.2.2 Experimental set up ............................................................................................................ 28 
2.2.3 What do we measure over land ecosystems? .................................................................... 29 
2.3 USES OF EC DATA WITH ECOSYSTEM MODELS ......................................................................................... 31 
2.4 DESCRIPTION OF THE CENW 4.1 (DAILY) MODEL ..................................................................................... 32 
2.4.1 General overview of the model .......................................................................................... 32 
2.4.2 Autotrophic and heterotrophic respiration ........................................................................ 34 
 Autotrophic respiration ...........................................................................................................34 2.4.2.1
 Heterotrophic respiration ........................................................................................................36 2.4.2.2
2.4.3 Farm management options included in the model ............................................................. 39 
 Fertiliser applications ...............................................................................................................39 2.4.3.1
 Grazing .....................................................................................................................................39 2.4.3.2
 CHAPTER 3: MODELING PHOTOSYNTHESIS AT DIFFERENT TEMPORAL AND SPATIAL SCALES ..........42 
3.1 INTRODUCTION ................................................................................................................................. 43 
3.2 DESCRIPTION OF SOME PHOTOSYNTHESIS MODELS ................................................................................... 44 
3.2.1 Modelling plant carbon assimilation rates ......................................................................... 44 
3.2.2 The daily canopy photosynthesis routine: Sands model ..................................................... 47 
vi 
 
3.2.3 Leaf photosynthesis modelling theory ................................................................................53 
 Description of the FvCB model ................................................................................................ 53 3.2.3.1
 Non-Rectangular and Rectangular Hyperbolic response curves .............................................. 67 3.2.3.2
 Comparison of the FvCB and NRHC leaf photosynthesis models ............................................. 71 3.2.3.3
3.2.4 Spatial and temporal integration of photosynthesis...........................................................73 
 Integration schemes ................................................................................................................ 73 3.2.4.1
 Big leaf models ........................................................................................................................ 75 3.2.4.2
 Sun/shade models ................................................................................................................... 81 3.2.4.3
 Multilayer FvCB and NRHC models .......................................................................................... 89 3.2.4.4
 Thornley model ........................................................................................................................ 91 3.2.4.5
 Comparison of the big-leaf and sun/shade integration schemes ............................................ 93 3.2.4.6
3.2.5 Limitation factors affecting the maximum rate of photosynthesis as implemented in 
CenW_HH ..........................................................................................................................................95 
 Nutrients .................................................................................................................................. 95 3.2.5.1
 Temperature ............................................................................................................................ 96 3.2.5.2
 Water ....................................................................................................................................... 97 3.2.5.3
3.2.6 Efficiencies of the different photosynthesis routines to simulate GPP once incorporated in 
the ecosystem model. ........................................................................................................................99 
3.2.7 Summary and Conclusions ............................................................................................... 105 
 CHAPTER 4: THE ENERGY AND WATER BUDGETS .......................................................................... 107 
4.1 INTRODUCTION .............................................................................................................................. 108 
4.2 MODELLING WATER AND ENERGY BUDGETS FOR TERRESTRIAL ECOSYSTEMS ................................................ 109 
4.2.1 Double source energy budget model ............................................................................... 111 
4.2.2 Net radiation .................................................................................................................... 115 
4.2.3 Sensible heat flux ............................................................................................................. 118 
4.2.4 Latent heat flux ................................................................................................................ 119 
4.2.5 Soil heat flux ..................................................................................................................... 123 
4.2.6 Resistances formulations ................................................................................................. 125 
 Resistance rac ......................................................................................................................... 125 4.2.6.1
 Resistance ras and ral .............................................................................................................. 129 4.2.6.2
 Resistance rsc ......................................................................................................................... 130 4.2.6.3
 Resistance rss ......................................................................................................................... 131 4.2.6.4
 Resistance raa ......................................................................................................................... 134 4.2.6.5
4.3 IMPLEMENTATION IN CENW_HH ...................................................................................................... 136 
4.3.1 Solving equations to close the surface energy balance .................................................... 136 
4.3.2 Simulation results and discussion .................................................................................... 138 
4.4 SUMMARY AND CONCLUSIONS .......................................................................................................... 145 
vii 
 
 CHAPTER 5: CASE STUDY OF A DAIRY FARM IN THE WAIKATO REGION OF NEW ZEALAND ........... 148 
5.1 INTRODUCTION ............................................................................................................................... 149 
5.2 MATERIALS AND METHODS ............................................................................................................... 149 
5.2.1 Description of the study site ............................................................................................. 149 
5.2.2 Data processing and data availability .............................................................................. 152 
5.2.3 Other model modifications for half-hourly runs ............................................................... 156 
5.2.4 Model parameterisation and performances .................................................................... 158 
 Overview ................................................................................................................................158 5.2.4.1
 Description of the parameter fitting routine .........................................................................159 5.2.4.2
 Statistical criteria to evaluate model performances ..............................................................161 5.2.4.3
5.3 PARAMETERISATION AND VALIDATION OF THE HALF HOURLY MODEL .......................................................... 163 
5.3.1 Effects of using the flux footprint on the modelling of fluxes ........................................... 163 
5.3.2 Validation of the model with EC data ............................................................................... 170 
 Half hourly model/data comparison ......................................................................................170 5.3.2.1
5.3.2.1.1 CO2 fluxes .........................................................................................................................170 
5.3.2.1.2 Evapotranspiration and sensible heat flux .......................................................................174 
5.3.2.1.3 Net radiation and soil temperature ..................................................................................177 
 Patterns observed with longer averaging time steps ............................................................180 5.3.2.2
5.3.2.2.1 Daily and weekly model/data agreements .......................................................................180 
5.3.2.2.2 Modelled and observed monthly carbon fluxes ...............................................................185 
5.3.2.2.3 Annual and cumulative carbon fluxes ..............................................................................189 
5.4 COMPARISON OF NEP ESTIMATES FROM THE REICHSTEIN ET AL. (2005) GAP FILLING ALGORITHM AND THE 
CENW_HH MODEL. ................................................................................................................................. 193 
5.4.1 Introduction ...................................................................................................................... 193 
5.4.2 Materials and methods .................................................................................................... 197 
5.4.3 Results and discussion ...................................................................................................... 198 
5.5 SUMMARY AND CONCLUSION ............................................................................................................ 201 
 CHAPTER 6: EFFECTS OF CATTLE RESPIRATION ON CARBON FLUXES MEASURED BY EDDY 
COVARIANCE ...................................................................................................................................... 207 
6.1 INTRODUCTION ............................................................................................................................... 208 
6.2 MATERIALS AND METHODS ............................................................................................................... 210 
6.2.1 Study site and management practices ............................................................................. 210 
6.2.2 Modelling approach ......................................................................................................... 213 
6.2.3 NEP data and NECB calculation ........................................................................................ 214 
6.2.4 Selection of period of interest ........................................................................................... 216 
6.3 RESULTS AND DISCUSSION ................................................................................................................. 217 
6.3.1 Analysis of half hourly NEP fluxes during grazing events. ................................................ 217 
viii 
 
6.3.2 Effect of dairy cattle respiration on the difference between modelled, observed and gap 
filled fluxes during night time ......................................................................................................... 221 
6.3.3 Effect of grazing cattle respiration on the difference of modelled, observed and gap filled 
fluxes during daytime ..................................................................................................................... 224 
6.3.4 Re-analysis of actual observation/model agreement affected by the presence of livestock
 226 
6.3.5 Effect of cattle respiration on cumulative NEP observed and modelled over 2 years. ..... 236 
6.4 GENERAL DISCUSSION ...................................................................................................................... 240 
6.5 CONCLUSION ................................................................................................................................. 243 
 CHAPTER 7: CONCLUSION AND PERSPECTIVES ............................................................................. 247 
7.1 SUMMARY AND CONCLUSION ............................................................................................................ 248 
7.2 PERSPECTIVES FOR FUTURE RESEARCHES .............................................................................................. 252 
 REFERENCES ................................................................................................................................. 254 
 
 
  
ix 
 
 LIST OF ABBREVIATIONS 
???? Ammonium 
???? Nitrate 
°C Degree Celsius 
A Instantaneous single leaf photosynthesis 
A/PPFD Photosynthesis light response curves 
Ac Daily canopy net CO2 assimilation rate 
ADP Adenosine Di-Phosphate 
AGC Automated gain control 
ATP Adenosine Tri-Phosphate 
BL Big-leaf upscaling scheme 
C Carbon 
CH4 Methane 
CO2 Carbon dioxide 
EC Eddy-covariance 
ER Ecosystem respiration 
ET Evapotranspiration 
FvCB Farquhar et al. (1980) photosynthesis model 
G Soil heat flux 
GCM Global climate models 
GHG Greenhouse gas 
GPP Gross primary production 
H Sensible heat flux 
H2O Water 
IPCC Intergovernmental Panel for Climate Change 
IRGA Infrared gas analyser 
LAI Leaf area index 
LE Latent energy flux 
LSM Land surface model 
LUC Land use change 
LUE Light use efficiency 
MBE Mean bias error 
N Nitrogen 
N2O Nitrous oxide 
NADP+ Nicotinamide Adenine Dinucleotide Phosphate 
NADPH Nicotinamide Adenine Dinucleotide Phosphate Hydrogen 
NECB Net ecosystem carbon balance 
NEE Net ecosystem exchange 
NEP Net ecosystem production 
NOAA National oceanic and atmospheric organisation 
NPP Net primary production 
NRHC Non-rectangular hyperbolic curve 
NSE Nash-Sutcliff criteria or model efficiency 
NZ New Zealand 
OM Organic matter 
P Phosphorus 
P Energy flux associated with photosynthesis 
PFT Plant functional type 
PKE Palm kernel expeller 
PPFD Photosynthetic photon flux density 
x 
 
ppm Part per million 
PR Photorespiration 
PS Photosynthesis 
r2 Coefficient of determination 
Ra Autotrophic respiration 
Rg Growth respiration 
Rh Heterotrophic respiration 
RH Atmospheric relative humidity 
RHC Rectangular hyperbolic curve 
Rm Maintenance respiration 
RMSE Root mean squared error 
Rn Net radiation 
RuBP Ribulose 1.5-bisphosphate 
SG 90 Shuttleworth and Gurney (1990) model 
SOC Soil organic carbon 
SOM Soil organic matter 
SS Sun/shade canopy integration scheme 
SVA Soil-vegetation-atmosphere 
SVAT Soil-vegetation-atmosphere-transfer model 
SW 85 Shuttleworth and Wallace (1985) modelling scheme 
Tac 86 Taconet et al. (1986) model 
TPU Triose phosphate utilisation 
Tsoil Soil temperature 
VPD Vapour pressure deficit 
WUE Water use efficiency 
ΔS Heat storage of the vegetation canopy 
 
 
 
